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METHODS
The NMR solution structure of rat heptacadmium(II) metallothionein II ([Cd7]-MT2) (2) was characterized in the usual way (13) by a group of 10 conformers obtained from the NMR data with distance geometry calculations (14) (15) (16) . The structure consists of two domains containing, respectively, residues 1-30 and three Cd2+ ions (I domain) and residues 31-61 and four Cd2+ ions (a domain). The two domains are connected by a flexible polypeptide segment, and their relative positions have not been determined. Therefore, all structure comparisons have been performed separately for the a and ,3
domains. The quality of the structure determination as indicated by the closeness of coincidence of the 10 conformers is defined by the root-mean-square deviations (rmsd) between the individual NMR conformers and the mean solution structure ( Table 1 ). The new x-ray crystal structure of [Cd5, Zn2]-MT2 (containing four Cd2+ ions in the a domain and two Zn2+ ions and one Cd2+ ion in the P domain) (3) was determined at a resolution of 2.0 A and refined to a R value of 0.176. The crystal packing includes (i) intimately associated pairs of MT molecules related by a twofold symmetry axis and (ii) trapped ions of crystallization. The latter have been modeled as phosphate and sodium. Fig. 1 shows that for the two domains of rat MT2, the global polypeptide fold is closely similar in the crystal structure (3) and in solution (2) . In the ( domain the polypeptide chain wraps around the cysteine-metal cluster in a right-handed way, and in the a domain, in a left-handed way. The largest deviations between crystal and solution structure occur in the ,( domain-i.e., in the loop region from Thr-9 to Ser-12 and the C-terminal segment from Cys-24 to Lys-30, where the NMR conformer is clearly outside the circles representing the crystallographic B-factors (Fig. 1 ). These differences could be caused by crystal packing effects, as has also been observed elsewhere-for example, between corresponding surface residues in the solution and crystal structures of plastocyanin (17) . In rat MT2 crystals the molecules are packed as interdigitated dimers about twofold axes (3) .
RESULTS AND DISCUSSION
Residues of the (3 domain which have main-chain atoms involved in crystal-packing contacts include Thr-9, Ser-14, Cys-15, Cys-21, Lys-22, Cys-24, and Lys-30 (18) , which also show the largest displacements between the two structures (Fig. 1A) . However, the (3 domain is also generally less well defined by the NMR data than the a domain (Table 1) , allowing for the possibility that the apparent deviations reflect increased dynamic disorder in the solution structure. In the a-domain the only apparent significant structural differences are seen for the N-terminal dipeptide (which Abbreviations: MT, metallothionein; rmsd, root-mean-square deviation(s). ' The atomic coordinates ofthe NMR solution structure and the x-ray crystal structure have been deposited with the Brookhaven protein data bank with the following codes: 1MRT, a domain of rat MT2, NMR; 2MRT, (3 domain of rat MT2, NMR; 3MT2, x-ray crystal structure of rat MT2.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. corresponds to the linker peptide between the two domains in the intact MT2 molecule) and for the segment Ala-53 to Asp-55. The latter forms part of the loop of residues 51-56, which is poorly defined in the crystal structure, with all A., structure are virtually identical to the deviations within the ensemble of the NMR conformers, and for the domain they are only slightly larger. It is interesting that the rmsd values calculated with inclusion of all cysteinyl side chains and the metal ions are smaller than those for the backbone atoms alone, indicating that the relatively large values for the polypeptide backbone are primarily a consequence of the intrinsically more flexible polypeptide backbone in MTs as compared with other proteins with a higher content ofregular secondary structure. This conclusion receives further support from the fact that for all three MTs studied in solution (2, 11, 12) relatively large rmsd values were obtained for the groups of NMR conformers used to represent the solution structure (3) .
To relate local differences between crystal and solution structure with the uncertainties in the two structure determinations, the B-factors of theox-ray structure on the level of the individual amino acid residues'were compared to the corresponding rmsd values within the group of NMR conformers used to represent the solution structure (Table 1) . For the x-ray structure, we first calculated the average of the B-factors for the backbone atoms N, Ca, and C' for each residue, and then rmsd were calculated as rmsd = (3B/ 8ir2)1/2. For the NMR structure, each'of the other nine conformers was first fitted to the best conformer [i.e., the conformer with the smallest residual target function value (2)]. Then the average of the distance deviations for each of the backbone atoms was calculated over all nine pairs (rmsd values). In Fig. 2 Proc. Natl. Acad. Sci. USA 89 (1992) because the crystal structure determination was performed for the intact polypeptide chain, whereas the two domains were treated separately in the NMR structure determination (2), so that artifactual chain-termination effects resulted for these residues. The figure shows that for most of the polypeptide chain, the rmsd values of the x-ray structure present a lower limit for the rmsd values ofthe NMR structure. There is no obvious correlation between the variations of the rmsd values along the sequence derived from the two methods, which contrasts with observations made, for example, in the case of the a-amylase inhibitor Tendamistat (19) . This might be due to the fact that there are no regular secondary structures and no hydrophobic core in MT2.
To complement the global comparisons for the polypeptide backbone on the level of individual amino acid residues, the dihedral angles 4) and q were calculated from the atomic coordinates deposited in the Brookhaven protein data bank. 11 For the ten NMR conformers the mean values and the rmsd of the individual backbone dihedral angles were evaluated. It was then found that for nearly all residues, the differences between the dihedral angles of the x-ray structure and the mean of the dihedral angles among the NMR conformers are less than this rmsd value. Larger deviations prevail for the segments Cys-Ala-Gly at positions [15] [16] [17] and Lys-Glu-AlaSer-Asp at positions 51-55. The latter segment was previously mentioned as being poorly defined by the x-ray data, and there is the implication that the observed apparent differences in this region reflect structural disorder rather than a significant difference between crystal and solution. In the segment from position 15 through 17, Ala-16 has a positive 4 angle in both structures, indicating that the conformation is sterically strained. An additional comment must be made about the local conformation in Cys-Xaa-Cys segments. In the x-ray crystal structure of rat MT2, all seven such segments were found to have similar conformations for the first two residues, with average values of the 4 and q angles of -97°and 1450 for the first cysteine, and -98°and 10 for the residue Xaa. In the crystal structure description, this type oflocal conformation was suggested to mimic a type I reverse turn (3). In the NMR structure, four of the seven Cys-Xaa-Cys segments are well defined, with average 4 and q, values of -50°and 1110 for the first cysteine and -105°and 210 for the residue Xaa (2) . Similar local conformations in the two structures are thus defined by these dihedral angles, but there is a significant deviation from type I tight turns, in which the first residue would have a qr angle of -30°.
Therefore, it was previously suggested that these segments form an unusual type of secondary structure-i.e., a half-turn (20) . The new crystal structure now provides additional support for the occurrence of these half-turns. Fig. 3 shows a detailed comparison of the metal-cysteinyl clusters in rat MT2 in crystals and in solution. The metalsulfur bonds and the local chiralities of the four sulfur atoms around each of the tetrahedrally coordinated metal ions are the same in both structures. The local chirality at two metal ions in each cluster is right-handed [i.e., the four coordinated sulfur atoms form a right-handed loop when arranged in the order of the cysteine residue sequence numbers (11) Three metal ions are tetrahedrally coordinated by six singly bound cysteine residues and three bridging cysteine residues. The NMR structure contains three Cd2+ ions, and the x-ray structure contains two Zn2+ ions and one Cd2+ ion. (B) a domain. Four Cd2+ ions are tetrahedrally coordinated by 11 cysteine residues of which 5 are bridging cysteine residues bound to two metal ions. In both domains the bridging cysteine residues are labeled with their sequence numbers.
A detailed comparison of the noncysteinyl side chains seemed not warranted because most of these either are glycine, alanine, or serine, for which the conformation is largely characterized by the backbone dihedral angles q6 and i, or are lysine, which is not well defined by the NMR data. Instead, the accessible surface areas in the x-ray crystal structure and in the 10 NMR conformers have been calculated with the program ANAREA (21) . For nearly all residues, the accessible surface area of the x-ray structure was found to fall within the ranges defined by the ensemble of the NMR conformers, showing that the surface properties of MT2 in the two environments are in quite good agreement.
In conclusion, the key message from the present comparative studies is that in contrast to the data available during the period [1986] [1987] [1988] [1989] [1990] (2, 10, 11) , rat MT2 has the same molecular architecture in crystals and in solution. It is remarkable that even in the case of this flexible molecule, the NMR structure could be used as a starting model to interpret the initial electron density map, a procedure that has been successfully applied also with other proteins, for example tendamistat (22) and interleukin-8 (23) . In both environments the protein consists of the same two domains, has identical polypeptidemetal coordinative bonds and metal-sulfur cluster geometries, and closely similar polypeptide folds. By either technique, but in particular in the solution structure, the polypeptide loops linking the metal-bound cysteine residues are less precisely defined than what is generally observed in proteins with a high content of regular secondary structure, indicating a considerable degree of dynamic structural disorder. This presents a possible explanation for the astonishing property of the metallothioneins to accommodate metals of widely differing size such as zinc ("covalent" atomic radius, 131 pm) and cadmium ("covalent" atomic radius, 148 pm) in the interior of the globular domains without causing gross conformational changes in the enfolding protein (1) (2) (3) (4) . This could provide a basis for both the presumed protection function of MTs against a wide spectrum of toxic metal ions (5, 6) and more specific regulatory functions, depending on subtle equilibria in the binding and release ofZn2+ ions by MT (4, (7) (8) (9) . This work was supported by the Schweizerische Nationalfonds (Projects 31.25174.88 and 3.160.88) and by National Institutes of Health Grant GM-36535. We thank Mr. R. Marani for the careful processing of the manuscript.
